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Abstract of EP0562307 
The objects of the present invention are 
accomplished by merging a MOSFET device and 
a floating gate into a three dimensional trench 
structure. The trench device cell has four vertical 
sides and bottom. The bottom of the trench forms 
the channel region (1 03) of the transfer FET of 
the EEPROM cell. The heavily doped source and 
drain regions (47,50) are formed on two vertical 
sidewalls of the trench (45) and oppositely face 
each other. The heavily doped regions cover the 
entire sidewall and have a depth which is greater 
than the trench depth so that the channel region 
(103) is defined by the bottom of the trench. The 
remaining two vertical sidewalls of the trench (45) 
are formed by isolation oxide (70). A first silicon 
dioxide layer covers the bottom of the trench (45) 
and forms part of the gate oxide (105) of the cell 
device. A second silicon dioxide layer (100) 
covers the vertical sidewalls of the trench. The 
second silicon dioxide layer is relatively thin with 
respect to the gate oxide layer (105). The second 
silicon dioxide layer (100) separates the source 
and drain regions (47,50) from the floating gate 
(110) which overlays both the first and second 
silicon dioxide layers. The floating gate (1 10) 
overlaps all four trench sidewalls and 
substantially increases the coupling between the 
floating gate (110) and a control gate (40). The 
control gate (40) overlies the floating gate (110) 
and the control gate is separated from the 
floating gate by a separate dielectric layer (115). 
The second silicon dioxide layer (100) is 
relatively thin so that tunneling of electrons 
between the vertical sidewalls which incorpoate 
the source and drain regions (47,50) and the 
floating gate (110) will occur. Tunnelling is the 
mechanism which charges and discharges the 
floating gate. The trench EEPROM memory 
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structure occupies a small amount of surface are 
a while maintaining a high coupling ratio between 
the control gate (40) and the floating gate (110). 
The high coupling ratio between the floating gate 
and the control gate is maintained because the 
floating gate is butted to isolation oxide on two 
sides of the trench. The trench EEPROM 
memory structure of the present invention also 
reduces program and erase time because the 
floating gate can be programmed or charged 
through either the source or drain regions in 
many cells at one time. 
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Description of EP0562307 



FIELD OF THE INVENTION 

This Invention relates generally to the field of semiconductor devices. In particular, this invention relates to 
a semiconductor memory device. More specifically, this invention relates to an electrically erasable 
programmable read only memory device. 

BACKGROUND OF THE INVENTION 



A nonvolatile memory maintains stored data even though the memory does not have power for a period of 
time. A read only memory is a memory which contains data that can not change. Nonvolatile read only 
memories are very useful in computers because they provide a computer with initial instructions or data 
when the computer is first powered up. These memories are useful, however, the entire memory must be 
discarded when the initial instruction set or data is changed. Nonvolatile programmable read only 
memories (PROMS) are memories in which the stored instructions or data can be changed without 
discarding the entire memory. Typically, changing the instructions or data in a PROM required erasing the 
existing data with ultraviolet light and electrically reprogramming the device.This is a time consuming and 
difficult process and it is impractical to erase and reprogram such a device frequently. However, PROMs 
which are both electrically erasable and programmable are practical to erase and reprogram and, as a 
result, are very useful in computers or electrical devices where power is frequently interrupted. This is 
because the data and instructions the computer was processing can be stored when the power is 
interrupted and recalled when power is restored. 

Electrically erasable programmable read only memories (EEPROMs) were developed in response to the 
need for a non-volatile memory which could have the stored data changed on a frequent basis. Figure 1 
illustrates a prior art EEPROM cell. The EEPROM cell is a conventional FET comprised of a source, drain, 
and gate regions wherein the gate region has been modified to include a floating gate. The EEPROM 
memory is composed of an array of EEPROM cells identical to the cell of figure 1. The array is organized 
into columns of devices connected to individual bit lines and rows of devices connected to individual word 
lines. Each cell is addressed by energizing the bit lines (B/L) 18 and 18' and the word line (W/L) 20 
attached to a particular memory cell in the array. The W/L 20 forms a control gate 10 over each cell in the 
array .The control gate 10 covers a first insulator layer 8 which covers a floating gate 6 which covers the 
channel region 4 of the cell device. The bit lines 18 and 18' are connected to the drain 16 and source 14 
respectively of the cell device. The drain 16 and the source 14 are both typically an n-type regions (but 
can be p-type regions). 

The EEPROM device is programmed by applying a large positive voltage to the W/L 20 and B/L 18 
(connected to drain 16) with respect to the voltage on the p-type substrate 2 and on the source 18\ The 
large voltage on the B/L 18 increases the energy of electrons in the channel region 4 close to the drain 
region 16. The large voltage on the control gate induces an electric field which moves the highly energetic 
electrons from the channel region 4 close to the drain into the floating gate 6. The presence of the 
electrons in the floating gate 6 alters the normal operation of the FET. Normally, a low level voltage on the 
gate of the FET would provide a conductive path between the drain and source regions.However, when 
the device has been programmed with electrons in the floating gate, the low level voltage on the control 
gate is not sufficient to provide the conductive path between the drain and source regions. Detecting when 
current flows between the drain and source regions when a low voltage is applied to the control gate 10 
(through W/L 20) and B/L 18 with respect to B/L 18' indicates the state of data stored in the EEPROM cell. 
The floating gate 6 is erased by applying a large positive voltage on the wordline with respect to the 
substrate 2 (independent of the voltage on the bit line). This large voltage removes the electrons from the 
floating gate 6. 

The problem with the prior art planar device is that it is too large in terms of surface area required to make 
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a device which has large coupling between the floating gate and the control gate. A large coupling is 
required to facilitate programming and erasing at lower voltages. Decreasing the surface area of the 
memory cell is important because this increases the density of the memory and decreases the cost of 
manufacturing the memory. The prior art has attempted to solve this problem by building the EEPROM cell 
in a trench which decreases the surface area of the device. The channel of the device is formed on the 
bottom of the trench. The sidewalls of the trench form vertical capacitors which increase the area of the 
floating gate without increasing the surface area of the EEPROM cell itself.The problem with this prior art 
device is that, although the floating-gate to control-gate capacitance increases, the floating gate to 
substrate capacitance also increases. This means the the coupling between the two capacitors does not 
substantially increase. The prior art devices are also too slow in programming and erasing because they 
use hot electron injection from the channel region into the floating gate which consumes a lot of energy so 
that only few cells can be programmed at a time. Merely building a device in a trench does not address the 
slow program and erase problem because the device is programmed and erased by an electric field 
applied to the channel region and floating gate. 

The prior art has developed devices which decrease the time needed to program and erase the EEPROM. 
This has been accomplished through the use of carrier injection techniques which do not depend on 
injection to the floating gate from the channel region of the EEPROM cell device. In particular, the prior art 
describes forming a floating gate over a heavily doped drain region wherein the drain region is separated 
from the floating gate region by a thin dielectric layer. The thin dielectric layer allows tunneling of carriers 
between the dram region and the floating gate. The tunneling through the drain region both programs and 
erases the device. The use of this tunneling mechanism helps decrease the program and erase time 
because Fowler-Nordheim tunneling is a very efficient injection mechanism which allows many cells to be 
programmed and erased at one time. As a result, the program and erase time for any single cell is 
reduced. However, the formation of the thin dielectric over the drain region expands the size of the 
EEPROM cell. In effect, the prior art decreases the program and erase time while increasing the cell size 
of the EEPROM array which increases the surface area of the memory. 



OBJECTS OF THE INVENTION 



It is an object of the present invention to manufacture an electrically erasable programmable read only 
memory (EEPROM). y 

It is a further object of the present invention to manufacture an EEPROM having reduced surface area. 

It is still another object of the present invention to manufacture an EEPROM having reduced surface area 
and a high coupling ratio. 

It is still a further object of the present invention to manufacture an EEPROM having reduced surface area 
in which the time required to program and erase the EEPROM is also reduced. 

It is still another object of the present invention to manufacture an EEPROM having reduced surface area 
in which the programming or erasing of the EEPROM memory cell through the floating gate is done over a 
large area of the floating gate. 



SUMMARY OF THE INVENTION 



The objects of the present invention are accomplished by merging a MOSFET device and a floating gate 
into a three dimensional trench structure. The trench device cell has four vertical sides and bottom The 
bottom of the trench forms the channel region of the transfer FET of the EEPROM cell. The heavily doped 
source and drain regions are formed on two vertical sidewalls of the trench and oppositely face each 
other. The heavily doped regions cover the entire sidewall and have a depth which is greater than the 
trench depth so that the channel region is defined by the bottom of the trench. The remaining two vertical 
sidewalls of the trench are formed by isolation oxide. A first silicon dioxide layer covers the bottom of the 
trench and forms part of the gate oxide of the cell device. A second silicon dioxide layer covers the vertical 
sidewalls of the trench.The second silicon dioxide layer is relatively thin with respect to the gate oxide 
layer. The second silicon dioxide layer separates the source and drain regions from the floating gate which 
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overlays both the first and second silicon dioxide layers. The floating gate overlaps all four trench 
sidewalls and substantially increases the coupling between the floating-gate and the control-gate. A 
control gate overlies the floating gate and the control gate is separated from the floating gate by a 
separate dielectric layer. The second silicon dioxide layer is relatively thin so that tunneling of electrons 
between the vertical sidewalls which incorporate the source and drain regions and the floating gate will 
occur. Tunnelling is the mechanism which charges and discharges the floating gate.The trench EEPROM 
memory structure of the present invention occupies a small amount of surface area while maintaining a 
high coupling ratio between the control gate and the floating gate. The high coupling ratio between the 
floating-gate and the control-gate is maintained because the floating gate is butted to isolation oxide on 
two sides of the trench. The trench EEPROM memory structure of the present invention also reduces 
program and erase time because the floating gate can be programmed or charged through either the 
source or drain regions in many cells at one time. 



BRIEF DESCRIPTION OF THE DRAWINGS 



FIGURE 1 illustrates a prior art device. 

FIGURE 2 illustrates the layout of an array according to the present invention. 

FIGURE 3 illustrates the cross section along cut AA of one cell of the present invention. 

FIGURE 4 illustrates the cross section along cut BB of one cell of the present invention. 

FIGURE 5 illustrates the present invention at an intermediate stage in the fabrication of the device. 

FIGURE 6 illustrates protected areas of isolation oxide in the trench of the present invention. 

FIGURE 7 illustrates a cross section along cut AA of the present invention after the trench sidewall nitride 
is formed. 

FIGURE 8 illustrates a cross section along cut AA of the present invention after the gate oxide is formed. 

FIGURE 9 illustrates a cross section along cut AA of the present invention after the trench sidewall oxide 
layer is formed. 

FIGURE 10 illustrates a cross section along cut AA of the present invention after the floating gate film has 
been deposited. 

FIGURE 1 1 illustrates a cross section along cut AA of the present invention after the floating gate film has 
been polished. 

FIGURE 12 illustrates a cross section along cut AA of the present invention after the control gate film has 
been deposited. 

FIGURE 13 illustrates an alternate embodiment of the present invention. 



DESCRIPTION OF THE PREFERRED EMBODIMENT 



Figure 2 illustrates an embodiment of the present invention. Figure 2 illustrates the layout of an EEPROM 
array according to the present invention. Word lines 40 and 42 form a grid pattern with bit lines 47, 50, 53 
and 57 Bit lines 47, 50, 53, and 57 alternatively function as sources and drains depending on the cell to 
be addressed. For example, if cell 80 were to be addressed, bit line 50 would be a drain connected to a 
high potential and bit line 53 would be a source connected to a low potential. In contrast, if cell 85 were to 
be addressed, bit line 53 would be a drain connected to a high potential and bit line 57 would be 
connected to a low potential. This sharing of bit lines reduces the space required for the cell array. A 
single cell within the array, such as cell 85, contains a device trench 65, part of word line 42, and part of bit 
lines 53 and 57.The device trench 65 is adjacent two diffusion regions on two sides of the trench and two 
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isolation regions on the remaining two sides. The word line 42 functions as a control gate to a field effect 
transistor (FET) which has a channel under trench region 65 and between diffusion regions which form bit 
lines 53 and 57. The basic structure contained within cell area 85 is replicated in a plurality of rows and 
columns to form the EE PROM array. 

Figure 3 illustrates the cross section of device trench 45 along cut AA of figure 2. Figure 3 illustrates that 
the device trench 45 contains several layers which form the EEPROM cell device. The device trench 45 is 
interposed between two diffusion regions illustrated as drain region 50 and source region 47. The drain 
and source regions are heavily doped n-type regions which could also be p-type regions in other 
embodiments. The bottom of the trench 1 03 forms a channel region for an FET between the source and 
drain regions. The channel region 103 is covered by a gate dielectric 105. Gate dielectric 105 is typically a 
high quality silicon dioxide layer with a thickness of approximately 100 Angstroms ( ANGSTROM ) The 
gate dielectric is covered with a floating gate 110. The floating gate is typically a doped polysilicon layer 
having a thickness of approximately 1000 ANGSTROM The floating gate is typically doped n-type at a 
concentra ion of 10<2><0>/cm<3> but could also be doped p-type. The floating gate 1 10 is isolated from 
the control gate layer 40 by a dielectric layer 1 1 5. Layer 1 1 5 is a silicon rich oxide layer (SRO) or an ONO 
aSXtoS"*^ e) layer The die,ectric 1 1 5 'aver has a thickness of approximately 1 50 
ANGSTROM . The control gate 40 is typically a heavily doped polysilicon layer having a thickness of 
approximately 1000 ANGSTROM and a doping level of 1 0<2><0>/cm<3>. The control gate could also be 
metal or another conductor in another embodiment of the present invention. 

f dd to f ° rmin 9 the channel region, the device trench 45 also forms capacitive areas for the floating 
gate 110. In order to effectively operate, a high coupling between the floating gate and the control gate is 
required. This means that the floating gate to control gate capacitor must be much larger than the floating 
gate to substrate capacitor. Typically the floating gate to control gate is at least three times the floating 
gate to substrate capacitor but generally the ratio is as large as possible for the minimum surface area 
If? J 6 area °[ the capacitance between the control gate and the floating gate is made much larger 
than the area of the floating gate to the channel region (which is the substrate connection for this 
capacitance) by using the sidewalls of the device trench to form the control gate to floating gate 
capacitor.The area of the control gate to floating gate capacitor is increased substantially because all four 
sides of the trench are used in forming the floating gate to control gate capacitor. Figure 2 illustrates that 
the floating gate overlaps the cell trench edges not only on the source and drain edges of the trench but 
the floating gate also overlaps the two sides of the trench formed by the isolation oxide 70. Overlapping 
the isolation oxide is important because it increases the floating gate to control gate capacitance without 
increasing the floating gate to substrate capacitance, and therefore, increases the coupling between 
floating-gate and the control-gate. The floating gate is disposed over the gate dielectric 105 on the bottom 
of the trench and it is disposed over a sidewall dielectric 100 on the trench sidewall. 

Figure 4 illustrates a cross section of the device trench 55 along cut BB of figure 2. The sidewall dielectric 
1 00 is a separate and distinct layer from the gate dielectric 1 05 which has a different thickness and 
Etl^oTD^J nt function - The sidewall dielectric 100 shown in figures 3 and 4 is approximately 70 
ANGSTROM thick and is used as a tunneling dielectric which facilitates programming and erasing the 
floating gate 110. The sidewall dielectric must be thin enough to allow tunneling at the applied operating 
voltages and thick enough to isolate the floating-gate from the trench sidewall. A preferred sidewall 
dielec^c thickness range is from 50 to 150 ANGSTROM , although this range can be larger. In contrast, 
the gate dielectnc 105 is approximately 100 ANGSTROM thick and facilitates sensing the charge stored in 
S® KSSS^'PSL 98 * die,ectric must be tnid < enough to avoid tunneling, but thin enough to operate 

»u • i • trench snown in fi 9 ur e 4 is approximately 5000 ANGSTROM deep and is as deep 

as the isolation oxide 70. The silicon layer 1 30 has a doping concentration of approximately 
2xl0<1><6>/cm<3>. The doping concentration of the channel region 107 is different than the silicon 
substrate and is approximately 1x10<1><7>/cm<3>. As in figure 3, the gate and sidewall dielectrics are 
covered by the floating gate 1 10 which is in turn covered by another dielectric layer 115. Dielectric layer 
1 1 5 is interposed between the floating gate 1 1 0 and the control gate 40. 

Figures 5-11 illustrate the formation of the structures shown in figures 2-4. Figure 5(a) illustrates a cross 
section of the memory cell device at an intermediate stage in the processing of the device A silicon 
substrate 130 having a uniform doping concentration of 2x10<1><6>/cm<3> has layers 220 215 and 210 
AtP^I™^ 61 " the SiHcon substrat e- Layer 220 is formed of silicon nitride and is approximately 400 
i x Layer 215 is formed of sil 'con dioxide and is approximately 400 ANGSTROM thick 

Layer 220 is formed of silicon nitride and is approximately 1 ,000 ANGSTROM thick. A layer of photoresist 
is deposited over layer 210 and developed to form a pattern for trench formation. A trench is etched into 
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the silicon substrate wherever no photoresist remains after development. The trenches are formed as a 
processes are conventional processes which are well known in the art. 

RIE e teh The silicon nitride etch selectively etches nitride without etch.ng oxrfe. ££dd*on. the WE 

wimwmfMmm: 

The implant species is boron which is implanted at 20 KeV w.th a dose of 2x10<1><2>/cm<^>. i-igure 
illustrates the resulting structure. 

anli^^STROM SSXSR trench sidewall oxide which also adds to the gate oxide. F^ure 9 
illustrates the resulting structure after the trench sidewall oxide growth. 
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9^ c^uld'alsJbe amSc or 

■MB 

erase the floaUng gate T^Ste S^SiSS^ T th f V °J tage necessar V to write or 

to the bit lines deteS Shi^ v °»f • ™e voltage applied 

^bSS»^SSiS£ SL nS ^abHi^^ lte fl so ! hat ^rr tunne,s into the floatin 9 A» 

drain increases SmmSatSS^nS^Sm l 9 ^ ^ e floatin9 gate from both the sour ce and the 
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without significantly increasing power consumption. 

When on.y a singie bit line is attached by 
remaining bit line is at an intermediate voltage * of aPP r °^te y ^°«J^J h » * narging fro m both the 

the tunnelling curre*^ ce „^ ^ ? 

source and dram of the eel FET dev '^wnen ( oara is connected to approximately 

brought up to approximately 3 volts, one _b.t hne e We -connected to approximately 3.0 volts. When 

approximately 8 volts is applied to one or bo h _^ ,, ^°;"" n d e '^ js buHt with a P channel, the polarity 

^^^^^^^^^^^^^^ *- - * vol,s 

in a P channel device. 

The carriers are transferred to the floating gate because , of . . tunneling ^^™,^^^i««H 
relatively thin dielectric ^ ra 
dielectric is approximat ^^^2™^ Thetormelling dielectric is generally silicon dioxide but 
between approximately 50 and 1 50 ANGSTROM i ne xunne y charges and discharges, 

could also be SRO. The more tunneling I ^at occurs toe faster The floajng g« ^ 
Additionally, tunneling can occur between the source . « -drain and me ^JJ9£hich results in tunnelling 
thickness of the sidewall oxide is smaller Than the. h ^^ n ^^%^\lUs is important because 
occurring over the source and drain diffusions rat ^^^^^Storeasfer. in prior art EEPROM 
transfer FET device is not degraded by ^^^^S^S!nS^SS^ used as the tunneling 
devices only one side ^J^^ or discnarge ope , ation 

reg on. As a result, the transfer Ft l ot tne ceii nau iu ^vnu nresent Invention however, when 
(depending on the < voltages connecter He .the .source ^^^^aT^dS have independent 

device of the memory cell. 

Figure 13 illustrates an alternate embodiments 

section along cut AA of figure 2 Figure 1 3(b) > . Justrates a cr °f s ^ c n ^^| yer of po ,y S ilicon. Instead, the 
1 3 (a) and (b) illustrate that the floating gate 110 is ^^^J^^^ oi the control to floating gate 
floating gate and the control gate are ^rleaved such ^ Jedfacbje^o™^^ ^ ^ 
capacitor is increased without increasins , the ^Si^^iSSSXSte the surface of the gate and 
sides, the first side contacts the gate and sidewall ^Jg^K^taS one generally vertical column- 

hexagonal, pentagonal, or irregularly shaped columns. 

The control gate and floating gate a. , fenrted in ^^^^KKSbSSnT&te 
polysilicon after the trench stdewall ^^^J^. 3 ^^ f J£ to planarize the polyailicon layer 110 

»S?a» 

planar surfaces which define *%?' u ^^^ in the same 

formed, then the dielectric layer 1 1 5 and the control gate40 areoeposiie a w charged 
manner as the preferred embodiment This annate e^ conductive layer 

? t »K£»r»S& - ,o control gate 
MpSr gets larger with respect to the floating gate to substrate capacrtor. 
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LXrddielS layer (115) interposed between said floating gate layer (110) and a contro. gate layer (40). 

SStoatfng g'Se (110) at least partially covers said first and seoond isolation sidewalls. 

3 A semiconductor device, as in claim 1 or 2, wherein: „a 
saS MdtaMric layer has a thickness less than said second d.e.ectnc layer; and 
Sid first dielectric layer has a thickness of less than approximately 15 nm, 

4. A semiconductor device, as in any one of the claims 1 to 3, wherein: 
said first type of dopant is N-type. 

5. A semiconductor device, as in any one of the claims 1 to 3, wherein: 
said first type of dopant is P-type. 

capacitance between said floating gate and said control gate. 

ESS a = d g a, te as, *m - M 

dielectric layer. 

8 A method for making a semiconductor device, as in claim 7, wherein: 

Ltd toaSng gate at least partially covers said first and second isolat.on s.dewalls. 

9 A method for making a semiconductor device, as in claim 7 or 8, wherein: 

saS has a thickness less than said second dtelec*nc layer; and 

said first dielectric layer has a thickness of less than approx.mately 150 ANGSTROM . 
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said*^ device ' as in *V one of the Cairns 7 to 9, wherein: 

£^ - -P-es a sin g ,e 

applying a tunnelling voltage to said wordline connection- and 

applying approximately a ground potential to said bit line connections or vice-versa. 

applying approximately a ground potential to a plurality of bit line connections in said array of memory 
m 0 m« m , eth n d f ° r di ? char 9 in 9 a Plurality of floating gates in an array of memory cells wherein each 
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